###### What this paper adds

-   Trichlorophenols (TCPs) are organochlorine compounds which are ubiquitous in the environment, but there is little epidemiological evidence about their toxic effects on children\'s neurodevelopment.

-   We examined whether background exposure to these chemicals was associated with attention deficit hyperactivity disorder (ADHD) among US children.

-   The results revealed that a higher body burden of 2,4,6-TCP was significantly associated with a higher prevalence of ADHD.

Introduction
============

Trichlorophenols (TCPs) including 2,4,5-trichlorophenol (2,4,5-TCP) and 2,4,6-trichlorophenol (2,4,6-TCP) are formed when three chlorine atoms are joined to one phenol molecule. TCPs were historically used as wood preservatives and as intermediates in the chemical synthesis of a variety of pesticides.[@b1] Although most uses of TCPs have been prohibited in the USA, they continue to be used in the production of some fungicides.[@b2] TCPs are also released into the environment as by-products during the manufacture of other chlorinated aromatic compounds and during the chlorination of drinking water or waste water. TCPs are also the metabolites of several organochlorine chemicals including chlorobenzenes, hexachlorocyclohexanes and chlorophenoxy acids, and are present in the air, surface water, soil and sediments.[@b3] [@b4] Therefore, general population exposure to TCPs can occur through ingestion of food and water or inhalation of air contaminated by TCPs or other organochlorine chemicals.

Measuring individual exposure to TCPs is challenging due to the many potential exposure pathways. Urinary excretion of TCPs is an indication of exposure to TCPs or to organochlorine chemicals that are metabolised and excreted as TCPs.[@b5] Individual exposure can be reliably estimated by measuring urinary TCPs.[@b6]

Both experimental studies and epidemiological studies indicate that some organochlorine chemicals such as dichlorodiphenyltrichloroethane (DDT) and dichlorodiphenyldichloroethylene (DDE) are neurodevelopmental toxicants.[@b7] [@b8] Several reviews have systemically discussed the developmental neurotoxicity of organochlorine chemicals.[@b9] [@b10] Brain development is a complex process involving cell proliferation, migration, differentiation and cell death, and can be disrupted by external environmental agents. A child\'s central nervous system may be particularly vulnerable to neurotoxicity from environmental agents since it is still developing and environmental agents such as TCPs may easily disturb the process by changing neurotransmitter systems and altering intracellular signalling processes resulting in behavioural impairments.[@b11] However, a search of PubMed and Google Scholar databases showed no previously published studies investigating the neurodevelopmental toxicity of TCPs in humans.

Attention deficit hyperactivity disorder (ADHD) is a neurodevelopmental disorder characterised by pervasive inattention and/or hyperactivity-impulsivity causing significant functional impairments.[@b12] [@b13] The prevalence of ADHD ranges from 3% to 8% in US school-aged children, accounting for 4--5 million ADHD cases among children aged 4--17 years, and has dramatically increased during the past two decades.[@b14; @b15; @b16] Despite the increasing prevalence, the aetiology and biological mechanisms of ADHD. Known risk factors associated with increased risk of ADHD in children include genetic factors and a wide range of environmental toxins including lead, mercury and environmental tobacco smoke (ETS).[@b17; @b18; @b19]

However, PubMed and Google Scholar searches combining the MeSH key terms, 'attention-deficit hyperactivity disorder', 'ADHD', 'trichlorophenols' and 'TCP', and review of the references of relevant articles identified no published studies on TCPs and ADHD in the peer-reviewed literature. Therefore, we used the 1999--2004 National Health and Nutrition Examination Survey (NHANES) data to evaluate the associations between urinary TCPs and ADHD among US children.

Methods and materials
=====================

Study population
----------------

The NHANES is a cross-sectional household survey that collects extensive health information in face-to-face interviews and from medical examinations among a nationally representative sample of the non-institutionalised US civilian population, obtained with a complex, multi-stage probability sample.[@b20] We selected all children between 6 and 15 years of age; we chose this age range because of the availability of data on urinary TCPs and other important study covariates. A total of 2546 children, including 850 children from the 1999--2000 NHANES data, 1035 children from the 2001--2002 NHANES data and 661 children from the 2003--2004 NHANES data, were eligible for this study.

Assessment of ADHD
------------------

We used parental report of their child\'s diagnosis with ADHD as the primary dependent variable. The ascertainment of children\'s ADHD depended on his/her parent or guardian\'s response to the question, "Has a doctor or health professional ever told \[you/SP\] that \[you/s/he/SP\] had attention deficit disorder?" (where 'SP' referred to 'sample person') which was located in the medical history section of the household questionnaires. If the parent or guardian answered "yes" to the question, the child was categorised as a prevalent case of ADHD.

Measurement of urinary TCPs
---------------------------

Information on urinary TCPs was obtained from the NHANES data. Per NHANES protocol, urine specimens were collected from subjects in standard urine collection cups. The specimens were labelled, frozen immediately at −20°C and stored on dry ice until analysis. A Sciex API 4000 mass spectrometer was used in negative ion APCI mode. The negative fragment ions were used for quantification of the urinary concentrations of 2,4,5-TCP and 2,4,6-TCP. Details regarding urine specimen collection, storage, handling and testing have been described elsewhere.[@b21] [@b22] The creatinine-corrected urinary concentrations of 2,4,5-TCP and 2,4,6-TCP were calculated for further analysis. Creatinine was measured in all urine samples through automated colorimetric determination on a Berman Synchron CX3 clinical analyser (Beckman Instruments, Brea, California, USA) at the University of Minnesota\'s Fairview Medical Center.[@b23] The urinary TCPs (μg/l) were divided by urinary creatinine (mg/dl) and 0.01, and expressed as microgram per gram (μg/g) of creatinine.

Covariates
----------

Covariates were chosen on the basis of their observed associations with ADHD and/or findings from previous studies. Demographic variables included child\'s age, gender, race/ethnicity and household socioeconomic status. Specifically, child race/ethnicity included the categories non-Hispanic white, non-Hispanic black, Mexican American and other (including other Hispanic and multiracial) groups. Child\'s household socioeconomic status was measured by the poverty-to-income ratio (PIR), which is the ratio of family income to the family poverty threshold for the year of the interview and categorised as three groups (ie, \<1, 1--2 and ≥2). PIR values below 1.00 are below the official poverty threshold, while PIR values of 1.00 or greater indicate income above the poverty level.[@b24] In addition, a review of the literature suggested that low birth weight, lead exposure, and prenatal and postnatal exposure to ETS were potential confounders.[@b18] [@b19] [@b25] [@b26] In this analysis, the children\'s serum cotinine levels, used as a biomarker of postnatal ETS exposure, were obtained from the NHANES data and categorised into tertiles. Children\'s blood lead levels, measured using inductively coupled plasma mass spectrometry, were also available in the dataset and categorised into tertiles. Lastly, child birth weight, defined as low birth weight (yes/no) and prenatal ETS (ie, prenatal maternal smoking: yes/no) were obtained through personal interview of an adult proxy respondent in the child\'s family.

Statistical analysis
--------------------

Descriptive analyses, such as two-sided Student t tests and Wald χ^2^ analysis were performed using bivariable analysis of the associations of ADHD with the covariates. Variables associated with ADHD in descriptive analyses (p\<0.2) were selected for the multiple variable logistic regression model. The Akaike information criterion (smaller values indicate a better fit) was used to determine the best model in our analysis. In this analysis, data from three data cycles were merged together to represent the US children aged 6--15 years after adjusting for the final weight using the method described below. The cut-off points of urinary TCPs from the entire population rather than those from each data cycle were used to define the groups of urinary TCP levels because similar methods were used to detect TCPs in each cycle. Specifically, children with urinary TCPs below the limit of detection (LOD) were the reference group and those with urinary TCPs above the LOD were categorised into two groups using the urinary concentration median as the cut-off point: less than the median (ie, a low level group) or above the median (ie, a high level group).

All statistical analyses were performed using SAS 9.1 software survey procedures, which account for the complex sampling design used in NHANES. The sample weights, stratification and clustering design variables were incorporated into all SAS survey procedures to ensure the correct estimation of sampling error. A 6-year subsample weight was calculated for the combined 1999--2004 data by following the NHANES analytical and reporting guidelines by assigning two thirds of the subsample weight for 1999--2002 if a participant was sampled in 1999--2002 and one third of the subsample weight for those sampled in 2003--2004.[@b27] This calculated weight was used to analyse the combined 6-year data of NHANES 1999--2004.

This study conformed with all applicable requirements of the USA and/or international regulations for research on human subjects. The research protocol was reviewed and approved by the University of Florida Institutional Review Board.

Results
=======

The distributions of selected characteristics between ADHD cases and controls among children aged 6--15 years are presented in [table 1](#tbl1){ref-type="table"}. Of the 2556 eligible children aged 6--15 years, 2539 (200 ADHD cases and 2339 controls) were included in the final analysis. Seventeen children were excluded from the analysis because of missing data on the outcome variable. In the bivariate analyses, a higher prevalence of ADHD was found among boys (p\<0.0001), non-Hispanic white children (p\<0.0001), children in older age groups (p=0.0012), children exposed to prenatal maternal smoking (p=0.005) and children with higher serum cotinine levels (p=0.0005). The parents of low birthweight children were more likely to report that their child had ADHD than parents of normal birthweight children (p=0.09).

###### 

Weighted frequency of selected characteristics for children aged 6--15 years with and without parental report of attention deficit hyperactivity disorder (ADHD), NHANES, 1999--2004

  Characteristics                                                      Parent-reported ADHD   
  -------------------------------------------------------------------- ---------------------- ----------------------
  Gender[\*](#table-fn1){ref-type="table-fn"}                                                 
   Female                                                              25.1 (17.1 to 33.2)    50.2 (47.4 to 53.0)
   Male                                                                74.9 (66.8 to 82.9)    49.8 (47.0 to 52.6)
  Race/ethnicity[\*](#table-fn1){ref-type="table-fn"}                                         
   Non-Hispanic white                                                  71.7 (62.8 to 80.7)    59.6 (54.2 to 65.1)
   Non-Hispanic black                                                  13.0 (9.5 to 16.6)     15.7 (12.4 to 19.1)
   Mexican American                                                    4.7 (2.7 to 6.7)       12.4 (9.3 to 15.4)
   Other                                                               10.5 (2.6 to 18.5)     12.2 (7.8 to 16.5)
  Poverty-to-income ratio                                                                     
   \<1                                                                 27.1 (18.5 to 35.7)    22.2 (19.8 to 24.6)
   1--2                                                                28.2 (20.0 to 36.4)    25.8 (22.5 to 29.1)
   ≥2                                                                  44.6 (34.6 to 54.7)    52.0 (48.5 to 55.4)
  Blood lead levels (μg/dl)                                                                   
   1st tertile (≤1.0)                                                  39.0 (27.7 to 50.4)    42.5 (38.1 to 46.9)
   2nd tertile (1.0--1.7)                                              30.6 (21.6 to 39.5)    28.6 (25.7 to 31.5)
   3rd tertile (≥1.7)                                                  30.4 (19.0 to 41.8)    28.9 (25.5 to 32.3)
  Maternal prenatal tobacco use[\*](#table-fn1){ref-type="table-fn"}                          
   Yes                                                                 33.5 (23.7 to 43.2)    16.7 (13.8 to 19.6)
   No                                                                  66.5 (56.8 to 76.2)    83.3 (80.4 to 86.2)
  Infant birth weight                                                                         
   \<2500 g                                                            13.2 (6.2 to 20.1)     6.9 (5.9 to 8.0)
   ≥2500 g                                                             86.8 (79.8 to 93.8)    93.0 (92.0 to 94.1)
  Serum cotinine levels (ng/ml)[\*](#table-fn1){ref-type="table-fn"}                          
   1st tertile (≤0.035)                                                21.1 (11.4 to 30.9)    36.8 (31.7 to 41.9)
   2nd tertile (0.035--0.283)                                          23.0 (15.5 to 30.4)    30.0 (26.6 to 33.4)
   3rd tertile (≥0.283)                                                55.9 (47.3 to 64.5)    33.2 (29.7 to 36.70)
  Child age (years)[\*](#table-fn1){ref-type="table-fn"}               11.2 (10.7 to 11.6)    10.4 (10.2 to 10.6)

p value from a Wald χ^2^ test is less than 0.05.

[Table 2](#tbl2){ref-type="table"} describes the distributions of the creatinine-corrected concentrations of urinary TCPs among children 6--15 years old. The proportion of children with urinary 2,4,6-TCP levels below the LOD increased in the most recent data cycle. However, this was not observed for urinary 2,4,5-TCP. Overall, the range of urinary TCPs among children 6--15 years of age in 2003--2004 was smaller than in 1999--2002.

###### 

Distribution of creatinine-corrected concentrations (μg/g) of urinary TCPs among children aged 6--15 years in NHANES, 1999--2004

               2,4,5-TCP   2,4,6-TCP                                             
  ------------ ----------- ----------- ------ ------------- ------ ------ ------ --------------
  1999--2000   848         50.5        1.18   0.25--66.0    845    12.0   3.71   0.34--1772.1
  2001--2002   1013        95.2        6.17   0.51--124.7   1018   33.3   4.76   0.68--106.6
  2003--2004   657         61.3        0.12   0.03--5.2     657    62.1   0.65   0.16--22.2
  Overall      2518        70.8        1.03   0.25--124.7   2520   33.6   3.58   0.16--1772.2

LOD, below the limit of detection; TCP, trichlorophenol.

The associations between urinary TCPs and ADHD are described in [table 3](#tbl3){ref-type="table"}. The cut-off points for the overall median concentrations of urinary 2,4,6-TCP and 2,4,5-TCP were 3.58 μg/g and 1.03 μg/g, respectively. In multivariable analysis, we found that exposure to 2,4,6-TCP was significantly associated with ADHD. Children with low (\<3.58 μg/g) or high (≥3.58 μg/g) levels of urinary 2,4,6-TCP were more likely to have a parental report of a diagnosis of ADHD compared with children with 2,4,6 TCP levels below the LOD (OR 1.54, 95% CI 0.97 to 2.43 and OR 1.77, 95% CI 1.18 to 2.66, respectively) after adjusting for demographic factors, early childhood factors and other environmental toxins. A dose--response relationship between urinary 2,4,6-TCP and ADHD was also observed (p for trend=0.006). However, we did not find a significant association between exposure to 2,4,5-TCP and ADHD. Additionally, we defined the exposure groups of urinary TCPs using the cut-off points from each data cycle. We repeated the analysis and the conclusion remained similar (ie, no significant effects for 2,4,5-TCP but a significant effect for 2,4,6-TCP). We also evaluated the associations by including additional covariates, such as dimethylthiophosphate exposure, in the models and found similar results (data are not presented).

###### 

ORs and 95% CIs from logistic regression analysis for the association between urinary trichlorophenols and attention deficit hyperactivity disorder among children aged 6--15 years, NHANES, 1999--2004

  Chemicals               Total sample (n)   Cases (n)   Crude odd ratios      Adjusted odd ratios[\*](#table-fn2){ref-type="table-fn"}
  ----------------------- ------------------ ----------- --------------------- ----------------------------------------------------------
  2,4,5-TCP                                                                    
   Below the LOD          1776               145         Referent group        Referent group
   \<Median (1.03 μg/g)   367                30          1.27 (0.78 to 2.06)   1.01 (0.47 to 2.20)
   ≥Median (1.03 μg/g)    368                24          0.89 (0.48 to 1.65)   0.98 (0.48 to 1.99)
   p for trend            --                 --          0.72                  0.95
  2,4,6-TCP                                                                    
   Below the LOD          846                56          Referent group        Referent group
   \<Median (3.58 μg/g)   834                84          1.84 (1.25 to 2.72)   1.54 (0.97 to 2.43)
   ≥Median (3.58 μg/g)    834                59          1.56 (1.12 to 2.16)   1.77 (1.18 to 2.66)
   p for trend            --                 --          0.008                 0.006

Adjusted for age, gender, poverty-to-income ratio, maternal smoking during pregnancy, low birth weight, blood lead and serum cotinine.

LOD, limit of detection; TCP, trichlorophenol.

Furthermore, we examined the interactions between urinary TCPs and other covariates including age, gender, race/ethnicity, low birth weight and prenatal passive smoking. No significant interactions were found (data are not presented).

Discussion
==========

Our intention was to evaluate the neurological health effects of low levels of 2,4,5-TCP and 2,4,6-TCP among school-aged children. We found that exposure to 2,4,6-TCP was associated with parental report of a diagnosis of ADHD. We also demonstrated a significant dose--response relationship between exposure to 2,4,6-TCP and ADHD. In contrast, we did not find a significant association between exposure to 2,4,5-TCP and ADHD. These findings suggest that 2,4,6-TCP may have different health effects than 2,4,5-TCP, which is consistent with patterns of association previously reported in the literature. Experimental evidence suggests that 2,4,6-TCP but not 2,4,5-TCP is associated with increased risks of multiple cancers.[@b28] [@b29]

Both 2,4,6-TCP and 2,4,5-TCP are members of a family of organochlorine pesticides which are a large class of multipurpose chlorinated hydrocarbon chemicals that break down slowly in the environment and accumulate in fatty tissue. The presence of urinary TCPs indicates direct exposure to these chemicals or other organochlorine pesticides including hexachlorobenzene (HCB) and hexachlorocyclohexanes (HCH) which metabolise to TCPs in humans.[@b30] [@b31] Although many organochlorine pesticides are no longer widely used in the USA, children can be exposed to these chemicals through diet and contaminated air because of the intensive use of these chemicals in the past, and their lipophilic and chemically stable characters.[@b32] Exposure to these chemicals may occur early in life.[@b33] Although information on the potential health effects of HCB and HCH on child neurodevelopment is limited, evidence of neurotoxicity in humans exposed to organochlorine compounds including HCB and HCH has previously been presented.[@b34] [@b35] Several studies suggest that prenatal exposure to organochlorine compounds is associated with an increase in ADHD symptoms among children at 4 years of age.[@b36; @b37; @b38; @b39] Therefore, the observed association between urinary 2,4,6-TCP and ADHD in our study does not exclude the possibility that the ADHD is caused by HCB and/or HCH exposures.

The observed association also suggests that direct exposure to 2,4,6-TCP directly affects child neurodevelopment. However, there is limited information on the neurological health effects of 2,4,6-TCP in humans. Because 2,4,6-TCP is one of the major chlorinated organic compounds which are formed during water disinfection, children can be exposed to the chemical through drinking water.[@b40] Confirmation of a direct health effect of 2,4,6-TCP on child behavioural development would underscore the importance of further examining the potential neurological health effects of prenatal and postnatal exposure to 2,4,6-TCP through chlorinated drinking water.

Our study has several strengths. First, a large population-based sample was used to examine the neurological effects of TCPs and valuable information on the effect of background exposure to TCPs on child neurodevelopment in the general population was collected. Second, we used biomarkers in urine to measure exposures to organochlorine compounds. This method provided an overall measurement of chemical exposures from all sources and a more accurate measurement of body burden of exposure. Third, a wide of range of potential confounders including demographic factors and other environmental toxins such as lead and ETS, was included in the models. Moreover, the exposures to environmental toxins were measured using biomarkers in serum, which could minimise misclassification errors. Fourth, to test the reliability of our estimation we constructed several models with different covariates and found consistent results. Our analyses provided reasonably consistent findings, which are strengthened by an observed dose--response relationship.

Several potential limitations should be considered when interpreting the results of our study. First, although the use of urine as a matrix to determine biomarkers of exposure is especially suitable for compounds such as TCPs and other metabolites, urinary levels may reflect recent exposure. In addition, the large variation in TCP levels between data cycles suggests data errors during testing and/or data processing unless urinary TCPs varied greatly between different cycles. Second, since this is a cross-sectional study, we cannot interpret our results as providing evidence of a causal relationship between early exposure to TCPs and subsequent risk of developing ADHD. Third, ascertainment of ADHD was solely based on parental report without confirmation of diagnosis through medical record abstraction or administration of the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV). Administration of the DSM would provide information on ADHD subtypes and behavioural symptom counts, and increase specificity in detecting behavioural problems. Although data from the DSM-based ADHD diagnostic instruments are available in NHANES, there is limited access to this information. In addition, misclassification of ADHD from parental report would mostly likely result in underestimation of the true association between TCPs and ADHD. Future prospective cohort studies with better measures of TCP exposure and better ascertainment of ADHD are needed to validate our findings. Fourth, the data available on covariates such as socioeconomic status and early childhood factors were obtained through personal interview of a proxy respondent of a child\'s family and may be inaccurate. Finally, although many important covariates and potential confounders were included in our analysis, we were unable to adjust for the potential effects of other important covariates including parental education, breastfeeding, genetic factors, psychosocial stressors, other prenatal and/or postnatal environmental factors such as prenatal alcohol drinking, exposure to polychlorinated biphenyls, dioxins, phthalate and bisphenol A, and parental psychopathology.

Nevertheless, our results suggest that exposure to organochlorine compounds may be associated with increased risk of ADHD among school-aged children. Our findings underscore the potential behavioural health effects of these chemicals and highlight the need to strengthen public health efforts to reduce prenatal and postnatal exposure to these compounds, especially in countries where organochlorine pesticides are still commonly used.

**Competing interests:** None.

**Ethics approval:** This study was conducted with the approval of the University of Florida IRB.

**Provenance and peer review:** Not commissioned; externally peer reviewed.
